Introduction
Natural circulation in fusion reactor blankets containing liquid breeding regions (and liquid coolants) is of interest in normal operation, shutdown and accident states as a potential heat transfer mechanism [1, 2] . Since the most promising liquid breeding materials (lithium, flibe and lithium-lead) are electrically conducting, the magnetic fields in many reactor concepts will inhibit this motion.
In this paper, a simple model is developed for heat transfer in fusion reactor blankets, allowing for natural circulation and the presence of strong magnetic fields.
In the next sections, we review magnetic field effects, estimate natural circulation velocities through simple force balances with adjustments from some numerical analysis, calculate and compare Nusselt number heat transfer correlations for electrically conducting fluids in magnetic fields, and apply the results to fusion blanket conditions.
Magnetic Field Effects
This section is a brief discussion of magnetic field effects on a fluid. The basic assumptions are that the fluid is a continuum, that it is locally electrically neutral, and that there are no large relative motions of ions and electrons which could induce electric fields or make the transport coefficients anisotropic [3, 4, 5] .
The electromagnetic field introduces four forces: the ponderomotive, electrostatic, magnetostrictive and electrostrictive forces.
The ponderomotive force arises from current crossing .magnetic field lines as
where F is the force (N/m2 ), J is the current density (A/m2 ), and B is the magnetic field density (Tesla). The electrostatic force is the usual electric field -charged particle interaction. The magnetostrictive and electrostrictive forces arise from the elastic deformation of the fluid. They are related to the variation in field strength and, especially in uniform fields, to the variation in magnetic permeability and dielectric susceptibility. These are typically small forces, but not always negligible. For example, the electric forces may be important in free convection of polar liquids in strong electric fields -heat transfer from a heated wire inside a water-filled horizontal cylinder is increased by 50% if a strong electric field is applied between the wire and cylinder [3, 4] .
In the absence of an externally imposed current, currents can still exist in a moving fluid according to the more general form of Ohm's law
where a is the fluid electrical conductivity (1/ohm-m), E is the electric field strength (volts/m) and v is the fluid velocity (m/s). . However, a compensating destabilizing factor in fusion blankets is that the heat source is internal. This could reduce Rac by as much as a factor of three based on the hot spot to wall temperature drop [12] . Even the size of the cells is affected by the magnetic field, one study suggesting a decrease with increasing field strength [10]. The Navier-Stokes equations for an incompressible fluid (although small density variations will be included in the gravity body force)
can be written as AT is the driving temperature difference (between hot and cold regions);
L is a length scale (the distance between hot and cold regions).
Solving Eqn. (9) for the velocity, (Gr >106 for cases studied here). For a small magnetic field, the steady-state velocity is just a balance between inertia and buoyancy, yielding v n /LAT (11) For large magnetic fields, the flow velocity is small so that the inertia term can be neglected, and the balance is between the buoyancy and the ponderomotive forces, yielding v nu pgtAT/oB 2 
Numerical Analysis
The simple analysis presented above is expected to overestimate the flow velocity (and so the heat transfer) since it only considers the force balance in the buoyancy-driven section of the natural convection cell and ignores resistance to flow in the other sections. A numerical approach was investigated to account for full flow loop effects. In particular, the three-dimensional fission reactor thermal-hydraulics code THERMIT was modified to handle liquid lithium and liquid flibe blanket cooling in the presence of a steady, uniform magnetic field. 
Comparison of Velocity Estimates
The calculated velocities for sodium, lithium and flibe are given in Table 1 . The input power is the total power flowing through the module from source to sink. For a given power, the steady-state temperature difference was calculated using THERMIT. AT is the driving temperature difference between the center cell and the source or sink cells, over a distance L. The THERMIT velocity is the flow velocity across this boundary. Average fluid properties are given in Table 2 .
The calculated velocities show the expected behaviour of decreasing as the magnetic field increased or the temperature difference decreased. A number of assumptions were made in both approaches regarding which electromagnetic effects could be neglected, and it is worthwhile to check these by calculating the dimensionless parameters
S, Ha and Rem, Eqn. (3) to (5).
For the results iven in Table 1 , the magnetic force coefficient and the Hartmann number squared ranged over 0 to 108, indicating that the ponderomotive force varied from nonexistent to dominant with respect to inertial and viscous forces. The magnetic Reynolds number was always less than 0.01, so the neglect of induced magnetic fields was justified.
The flow Rayleigh numbers were all larger than 105 which should be well above the critical value for initiation of natural circulation.
However, the convection pattern would probably not be simple, large 
For heat transfer by natural circulation, the enclosure is modelled as a circulation cell connecting boundary layers at the hot and cold walls (Figure 3) . The fluid temperature at the two walls are THF and TCF and are related to the heat flux by a boundary layer heat transfer coefficient hBL,
The internal heat transfer by convection is
where pv/2 is the mass flux circulating in the convection loop.
Combining Eqns. (14) and (15), heat transfer by natural circulation
In practice, conduction and circulation can occur simultaneously. As a first approximation, treat these two mechanisms as independent, so
Then the effective Nusselt number for heat transfer across the enclosure is
HW C BLp. Correlations are available for NuBL -for example, Gebhart [20] gives the following expressions for a laminar boundary layer along a plate, (1.1 Re0. 5 Pr0. 5 Pr a 1 BL 0.67 Re0. 5 Pr0. 33 Pr > 0.5
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For steady-state natural circulation, we approximate the boundary layer heat transfer by these correlations.
The internal natural circulation heat transfer is pvc L Pe( 
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Heat Transfer in Fusion Blankets
In a tritium breeding fusion blanket, the heat source is internal volumetric heating while the heat sink may be a forced convection coolant passing through discrete tubes in the blanket. 
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